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Field effect transistor biosensors
Optical biosensing
Graphene's unique properties have made it a popular candidate for nanomaterial based biosensors. Its
remarkable characteristics have led to its rapid development in the electrochemical biosensing, field effect
transistors, and optical biosensing as well as the creation graphene-metal nanoparticle hybrids for improved
performance. This article comprehensively reviews the most recent trends in graphene-based biosensors and
attempts to identify the future directions in which the field is likely to thrive.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Graphene, the thinnest material in the universe [1] is flexible, yet
harder than diamond, and conducts electricity at room temperature
more efficiently than any other material [2]. Graphene, which is also
the basic structure of all graphitic materials, is a one-atom-thick
planar sheet of sp2 bonded carbon atoms in a honeycomb crystal
lattice [3]. Its considerable attention as a next generation electronic
material derives from its remarkable electronic, optical, mechanical,
thermal, and electrochemical properties [4]. Molecular sensing can be
achieved in this material, as graphene is electronically a very good
low-noisematerial [4]. Substantial progress in carbon nanotube/metal
nanoparticle hybrid biosensors has been achieved, however little
attention has been given to the combination of graphene and
nanoparticles. This review focuses on the possibilities of this
synergistic combination in biosensing and some of the initial efforts
in the field.
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2. Graphene properties
Graphene is often categorized by thenumber of stacked layers: single
layer, few-layer (2–10 layers), and multi-layer which is also known as
thin graphite [4]. Ideally, for graphene to preserve its distinct properties,
its use should be narrowed to single or few-layer morphology.
Nonetheless, advantageous properties can still be observed in thin
graphite form. The number of layers needed for graphene's properties to
fully match those of bulk graphite is over 100 [5]. Layer counting can be
achieved by numerous methods. Among them, the most common ones
are Raman spectroscopy [6], AFM [7], Rayleigh imaging [8], and optical
microscopy methods [9].
The excellent electronic quality of graphene has also been a much
studied subject. Its electron mobility of 15,000 cm2V s−1 at room
temperature [3] and a low resistivity at low temperatures [10] rank
among the best performance for any material. However, most of the
remaining properties depend on the number of layers in the stack.
The electrochemical properties of graphene are also of high
contemporary interest. Its main electrochemical utility is based on a
wide electrochemical potential window, low charge resistance (in
comparison to glassy carbon) [11], and well defined redox peaks [12].
These redox peaks are both linearly alignedwith the square root of the
scan rate magnitude; suggesting that redox is primarily diffusion
controlled [13]. Peak-to-peak values under cyclic voltammetry are
low suggesting rapid electron transfer kinetics, and its apparent
electron transfer rate is orders of magnitude higher than that of glassy
carbon. Graphene electrodes also exhibit high enzyme loading due to
their high surface area, leading to increased sensitivity [4].
The rate of electron transfer has been shown to be surface
dependent. The creation of specific surface functional groups can
increase this rate significantly. The edges of graphene sheets possess a
variety of oxygenated species. Work has shown that the difference in
electron transfer is primarily due to the concentration of surface oxide
species presented to the electrode rather than surface adsorption [14].
Recently, Luo et al. [15] studied the stability of reduced GO
nanosheets in colloidal form. They found that the higher edge-to-area
ratio caused by the nanoscale dimensions of the sheets changes the
charge density and makes them more hydrophilic in comparison to a
micro-sized GO sheet. The colloidal dispersion was stable even after
centrifugation and throughout the entire range of pH values showing
promise for future use as a dispersing agent for insoluble, aromatic
materials.
Wang et al. [16] studied the electrochemical activity of graphene
nanosheets reduced by different methods in comparison to carbon
nanotubes and found that electrochemically reduced graphene and
single walled nanotubes had a higher oxidation potentials (Fig. 1) and
increased apparent electron transfer coefficient in comparison to
chemically reduced GO nanosheets and pristine GO. They attributed
the poor performance of the latter two to the presence of negatively
charged moieties that weaken the electrostatic interaction between the
surface and the Fe(CN)6 4−/3−. Other factors that affect electron transfer
kinetics are the synergetic effect of the surface chemistry, the
conductivity of thematerials, and the redoxproperties of theprobe itself.
Pristine graphene has often been compared to graphene oxide. The
presence of functional groups attached to the graphene sheets is the
intermediary state before reduction when producing graphene from
graphite oxide [11]. This form of graphene is not as electrically
conductive as the pristine form and the latter has been found to have
higher thermal stability. [17]
3. Synthesis of graphene
The synthesis of graphene can be categorized into three main
approaches described in the following subsections.
Fig. 1. CVs obtained at the pristine GONs (A), chemically reduced GONs (B), electrochemically reduced GONs (C) and SWNTs (D) in 0.10 M phosphate solution (pH 6.0) in the
absence (short-dashed curves) and presence (solid curves) of 2 mM NADH. Scan rate, 20 mV s−1 [16].
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3.1. Exfoliation
Graphite is essentially stacked layers of graphene sheets, held
together by weak Van der Waals bonds. The exfoliation and cleavage
method is essentially based on breaking these bonds and separating to
them into individual graphene sheets [18]. Thismethodwas originally
proposed by Novoselov et al. [19] who synthesized graphene sheets
by repeated processes of ultrasonication of graphite oxide and
attempted reduction of such, which was unsuccessful, but nonethe-
less resulted in nanoscale graphite oxide sheets. Eventually the
technique was perfected to produce graphene. Another way of
executing the same concept includes dispersion and exfoliation of
pure graphite in an aqueous media [20]. Different approaches based
on the exfoliation principle have shown promise for large dimensions
and mass production [21–23]. However further improvement of the
techniques is needed to be able to regulate the number of layers while
not corrupting the electrical properties of the sheets as well as
transferring this technology into an industrial scale manufacturing
scheme.
3.2. Chemical vapor deposition
Chemical vapor deposition (CVD) is a simple approach that
eradicates the residual metallic impurities and has been proven to
produce graphene on a wide range of substrates without changing its
properties [24]. Reports using CVD have shown favorable outcomes in
preserving graphene's properties on surfaces such as Ni [25,24] and Cu
[26], among others. This is a noteworthy alternative for low cost, large-
scale graphene of good quality. Microwave plasma enhanced chemical
vapor deposition is a strategy of efficient synthesis of uniformmultilayer
graphene nanoflake films (MGNFs) on Si substrates. Direct growth of
high-purityMGNFs is attractive because the compatibility of the sensing
elementwith conventional Si electronics could enable the fabrication of
completely integrated bioelectronic systems [1]. This technique has
been used by Bhuvana et al. [27] to create novel configurations such as
nano-layers grown epitaxially from carbon fibers that have shown
promise for nanoscale diffusion studies and repeatable production
results (Fig. 2).
3.3. Chemicals based techniques
Various techniques have been used [28] for the disintegration of
graphite to graphene layers by chemical reactants. Some groups have
successfully obtained graphene from carbon nanofilms by iterating
oxidation, purification, and centrifugation of these. A commonly used
technique to prepare graphene oxide is commonly known as
Hummer's method [29]. This method essentially consists by treating
graphite with a water-free mixture of concentrated sulfuric acid,
sodium nitrate, and potassium permaganate. Chemical routes to
fabricate graphene may offer significant advantages over the micro-
cleaving of highly ordered pyrolitic graphite coverage of large
substrate areas with graphene is desired for large scale applications
[24]. However some of these approaches require a specific substrate
material. A review summarizes all the latest chemical techniques [30].
Other innovative ideas that have been recently proposed include
unzipping of CNTs [31] as well as thermal decomposition of SiC [32].
However, extensive discussion of these is beyond the scope of this
review.
4. Biocompatibility of graphene
Graphene-based devices possess the requisite biocompatibility to be
amenable for in situ biosensing. Lu et al. [34] demonstrated optical
testing of dye-labeled DNA. When the DNA and the target bind, the
targetmolecule releases itself from theGOand restores thefluorescence
quenched by such. This was proposed as a sensing capability for high
binding specificity such that fluorescence occurs only for a specific
single-strand DNA. The binding energies between nucleobases and
nucleosideswith graphene have been studied and quantified and found
to be small [35]. Chen et al. [17] performed biocompatibility tests with
mouse fibroblast cells (L-929) on graphene paper. These cells are
normally used to assess cytotoxicity of potential substrates for cell
growth and have been previously used in biocompatibility assessments
for carbon nanotubes [17]. They observed adhesion and proliferation
rates similar to those of polystyrene tissue for the mouse fibroblast cell
line. Liu et al. [33] performed similar testing; they seeded ARPE-19 on to
the GO substrate. After 72 h of culture time they observed, through
fluorescencemicrographs, good adhesion anddifferentiation suggesting
excellent biocompatibility of the as-prepared GO sheets (Fig. 3). In
comparison to carbon nanotubes, Agarwal et al. [36] found that
proliferation of PC12 cells and osteoblasts was successful for reduced
GO while the network of single walled carbon nanotubes proved
inhibitory due to the distinct nanotopographical features of these two
(CNT and graphene) types of nanocarbon substrates.
5. Electrochemical sensing
Carbon materials in general are often favored in devices for
electrochemistry due to their low residual current, readily renewable
surface, wide potential window, and the large overpotential for O2
reduction and H2 evolution [16]. Graphene is attractive because of its
low electrical resistance and atomic thickness [37]. The high density of
edge-plane defect sites on graphene provides multiple active sites for
electron transfer to biospecies [38]. Electrodes made from graphene
have significantly more uniform distribution of electrochemically
active sites than do those made from graphite [5]. Its entire volume is
exposed to the surrounding due to its 2D structure, making it very
efficient in detecting adsorbed molecules [4]. Graphene sheets have
Fig. 2. Catalyst-free synthesis of cantilevered carbon nanosheet extensions, or petals,
from graphite fibers by microwave plasma CVD. Results reveal that the petals grow
from the fiber surface layers while preserving graphitic continuity from fiber to the
petals [27]. Fig. 3. FluorescencemicrographofDAPI-stainedARPE-19 cells growingon theGOfilm [33].
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been found to offer a superior electrochemical performance over
MWCNTs due to the larger ratio of edges to basal planes (flat surface)
which leads to a higher amount of edge defects that are ideal for
heterogeneous electron transfer [39]. However, themain advantage of
graphene sheets over CNTs is that they are usually made from
graphite and do not contain heterogeneous materials that remain
electrochemically active yielding toxicological hazards [5].
Enhanced electrochemistry occurs when small metal nanoparticles
decrease the distance between the redox site of a protein and the
electrode surface, since the rate of the electron transfer is inversely
proportional to the exponential distance between them [40]. The direct
wiring of enzymes to an electrode surface is essential to amplify the
signal of the biorecognition event [41]. Direct electron transfer between
enzymes and electrode surfaces could create reagentless devices,
obviating the need for co-substrates and allowing efficient transduction
of the biorecognition event [42]. Direct electron transfer between redox
enzymes and the electrode surfaces can be used to investigate enzyme-
catalyzed reactions in biological systems and to provide the electro-
chemical basis for the study of enzyme kinetics and thermodynamics of
redox transformations of enzymic molecules and metabolic processes
involving redox transformations [16]. The direct electron transfer to
metal centers of proteins is generally difficult due to the embedded
nature of electroactive centers within the protein structure or the
denaturation of proteins adsorbed on solid electrode surfaces [2].
Oxygen-containing species present on graphene sheets generated
during acid treatment are also responsible for electron transfer
enhancement [16]. Oxygen-containing groups not only transfer elec-
trons but also enhance the adsorption and desorption of molecules.
These oxygen-containing moieties are naturally present in graphene
sheets owing to their spontaneous oxidation in air [5]. Whether the
enhancement hinders or enhances electrocatalytic activity is still a
debated subject, and definite conclusions cannot be drawn at present
[16,43].
It is important to note the difference between electrochemical
sensing and detection; the former measures the output of a
biochemical reaction while the latter directly senses the presence of
a biomarker. In both cases, a strong need for biocompatibility derives
from the desire to maintain device performance upon long-term
storage after the manufacturing process. There have been multiple
reports of graphene-modified electrodes used for glucose [11,45–48].
Table 1 summarizes the basic sensor descriptions and respective
sensing capabilities. Fig. 4 shows one of the multiple combinations
that have been reported for modified electrodes.
Dopamine is an important neurotransmitter inmammalian central
nervous systems long associated with Parkinson's and psychosis [49].
In the extracellular fluid of the central nervous system the basal
dopamine concentration is very low (0.01–1 μM). There is a lack of
resolution between dopamine and coexisting ascorbic acid (AA), and
its concentration is generally much higher than dopamine because
traditional electrodes produce oxidation at about the same potentials
with overlapping voltammetric responses [50]. Multiple reports have
been successful in using graphene-modified electrodes for selectivity
between dopaminic and ascorbic signals, making it popular for
dopamine detection [51–54]. The preferential performance of dopa-
mine over AA may be a result of the differing molecular structure of
dopamine/AA, π–π interactions between the phenyl structure of
dopamine and the 2D planar hexagonal carbon structure of graphene
that make electron transfer feasible, and the possibility that AA is
inactive because of the weak π–π interaction with graphene [51].
6. Biosensing enhancement of graphene with metal nanoparticles
The immobilization of nanoparticles is crucial for developing
electrocatalytic devices [39]. A significant issue is the presence of
large noises, leading to low signal-to-noise ratio, and necessitating
high electric conductivity that induces large electric signals and good
adsorption of biomolecules to induce strong substrate-molecule
coupling. Materials such as gold generally exhibit poor biomolecule
adsorption which results in weak substrate-biomolecule coupling
and high noise [57]. Graphene adhesion to biomolecules is caused by
π-stacking interactions between its hexagonal cells and the carbon-
based ring structures widely present in bio/nano molecules. A good
combination of bioabsorption and high conductivity promote high
signal to noise ratio.
Metal nanoparticles have excellent conductivity and catalytic
properties, which make them suitable for acting as ‘electronic wires’
to enhance electron transfer between the redox centers in proteins
and electrode surfaces, and as catalysts to increase electrochemical
reaction rates [58].
In general the roles of nanoparticles in biosensing can be categorized
intofive roles. Thefirst role is immobilization of biomolecules. Generally
adsorption of biomolecules to a bulkmaterial leads to denaturation and
loss of bioactivity but not to nanoparticles because of their biocompat-
ibility. In general, nanoparticles increase the stability and maintain the
activity of biomolecules. A major shortcoming of nanoparticles is that
some lack stability and tend to aggregate. The second role is to enhance
the catalysis of electrochemical reactions. Nanoparticles tend to
decrease overpotentials and enable the reversibility of some redox
reactions. Their catalytic properties have proven to increase sensitivity.
The third, and perhaps most significant role is to enhance electron
transfer. Enzymes usually lack direct electrical communication with
electrodes because of the considerably thick insulating protein shells
surround the active centers of enzymes. The conductivity of nanopar-
ticles enhances electron transfer between the active centers of enzymes
and electrodes so that the particles act as electron transfer conduits or
mediators [59]. The fourth role of nanoparticles is to label biomolecules.
Labeling allows for proteins to remain bioactive and to be measured in
terms of concentration by quantifying their dissolution via stripping
Table 1
Comparison among different graphene-based electrochemical sensors.
Biosensor description Biomarker Linear range Detection
limit
Reference
Graphene/IL/GCE Glucose 2–20 mM 0.376 mM [45]
AuNPs/graphene/
chitosan/GCE
Glucose 2 mM–14 mM 180 μM [55]
Graphene/Au/Nafion/GCE Glucose 15 μM–5.8 mM 5 μM [56]
Graphene/GCE Dopamine 4 μM–100 μM 2.64 μM [52]
Graphene/IL/GCE Dopamine 5 μM–200 μM –a [51]
β-cylcodextrin/
graphene/GCE
Dopamine 0.9 μM–200 μM 5 nM [53]
a The dashes signify that the value was not reported in the corresponding reference.
Fig. 4. Schematic illustration of graphene film nanoelectrodes using Vaseline as the
insulating binder [44].
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voltammetry. The fifth role of nanoparticles is acting as a reactant. Since
nanoparticles are chemicallymoreactive than their bulk amounts due to
their high surface energy they can contribute to developing new
electrochemical analysis systems [58].
Hong et al. [39] observed self assembly of gold nanoparticles on
graphene sheets with controlled weight, thereby creating a method
for controlled deposition of metal on graphene sheets (Fig. 5). They
tested the electrocatalytic properties of these composites and found
the optimal ratio for the highest electrocatalytical activity of the
electrode to be 10:1 gold to graphene based on weight.
7. Field-effect transistor (FET) biosensors
FET-based biosensors can offer advantages as compared to other
electrochemical sensors in terms of higher sensitivity, selectivity with
fast response time, and nanoscale fabrication procedures and device
dimensions. A change in conductivity upon interaction of biomole-
cules with the nanostructure's surface is the typical sensing
mechanism for the FET biosensors. CNTs have been used as active
materials, but a major drawback is the difficulty in the separation of
metallic nanotubes from semiconducting ones. The more consistent
electronic structure of graphene generallymakes it more suitable than
CNTs for use in such devices.
Ohno et al. [60] investigated electrical detection of pH and protein
(bovine serum albumin, BSA) by an electrolyte-gated graphene. FET
fabricated from single-layer graphene prepared by mechanical
exfoliation. Both bottom and top gate configurations were achieved
by using a back-gate configuration from SiO2/Si and by an Ag/AgCl
reference electrode respectively. The transfer characteristics and
conductance of the FET were evaluated at pH levels varying from 4.0
to 8.2. The Dirac point of the FET shifted in a positive direction with
respect to the Fermi level, and a stepwise increase in conductivity was
observed with increasing pH. Label-free detection of BSA protein was
performed using phosphate buffer solution containing BSA, and the
conductance changes of the device were measured on adsorption of
BSA on graphene at various gate voltages. The conductance changes
increased linearly at low concentrations and saturated at higher
concentrations. Protein could be detected at concentrations as low as
0.3 nM. Similarly, Huang et al. [61] detected glucose and glutamate
molecules by conductance changes of a graphene transistor fabricated
from CVD-grown graphene film. Transfer characteristics of the FET
weremeasured in a top-gate configuration using an Ag/AgCl electrode
in PBS solution. The device was functionalized with glucose oxidase
(GOD) or glutamic dehydrogenase (GluD) depending on the require-
ment for glucose or glutamate detection. Fig. 6A shows a schematic
diagram of a FET based biosensor functionalized with GOD. Current
increased with higher concentration of glucose on GOD-functionalized
graphene (Fig. 6B), and the sensor was not responsive to glutamate and
other interferents such as L-ascorbic acid, uric acid and acetaminophen.
The suggested reaction mechanism for the oxidation of glucose was:
β−D−glucose + O2 + H2O→D−glucono−1;5−lactone + H2O2: ð1Þ
Similarly, a detection limit of 5 μM of glutamate was achieved by a
GluD-functionalized graphene FET (Fig. 6C), and the addition of various
interferent molecules caused negligible change in its response. One of
themajor factorswhich significantly affect the performance of graphene
based FET sensors is the trapped charge at the interface and in the silicon
dioxide. These trapped charges degrade transport properties of the FET
device and their performance as a biosensor. To avoid the effect of
trapped charges suspended graphenedevices have been fabricated [62].
Cheng et al. [62] demonstrated that the suspension of the graphene
Fig. 5. TEM images of gold nanoparticle-pyrolitic functionalized graphene composites with a gold to graphene weight ratio of (A) 10:1 and (B) 300:1. Scale bar: 50 nm [39].
Fig. 6. (A) Schematic diagram of glucose oxidase functionalized graphene FET. (B)
Current response to the addition of glucose at various concentrations. The upper inset
shows that FET is not responsive to 10 mM glucose without glucose oxidase whereas
lower inset shows fitted curve for glucose response. (C) Response curve for glutamic
dehydrogenase functionalized graphene. The upper inset showing non-responsive
behavior to 1 mM glutamate without glutamic dehydrogenase and lower inset shows
fitted curve for glutamate detection [61].
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sensing element above the substrate enhanced its electrical properties
with increased signal-to-noise ratio for use as a real-time and sensitive
pH sensor. By suspending the graphene, the Dirac point shifted from
0.1 V to 0 V, and the transconductance of the device increased 1.5–2
times for hole and electron carriers. By applying solutionswith different
pH values ranging from 6 to 9, the Dirac point of the suspended
graphene FET shifted positively and exhibited similar properties in both
p-type and n-type transistormodes. The transconductance improvedby
a factor of 2 and the signal-to-noise ratio of the suspended graphene
device increased by 14 dB for both the hole and the electron carrier.
Hence, the enhanced performance of suspended graphene devices is
successful in lowdetection limit in a solution for chemical and biological
sensing in comparison to their counterparts supported on substrates.
Mohanty et al. [63] demonstrated interfacing of chemically modified
graphene with biological systems in a live-bacteria-hybrid device and a
DNA-hybridization device with excellent sensitivity. The electrical
measurements revealed that the chemically modified graphene sheets
were p-type semiconductors with high resistance and low carrier
mobility of 0.002–5.9 cm2V−1 s−1. Electrical measurements revealed
that the selective tethering of the single-stranded DNA (ssDNA) on GO
led to a 128% increase in conductivity which was attributed to the
attachment of the negatively charged DNA on the p-type GO.
Subsequent hybridization with cDNA led to further increase in
conductivity and was completely reversible during cycles of denaturing
and rehybridization. Also, the negatively charged bacteria and protein
could be electrostatically adsorbed on positively charged graphene
amine and survived for up to 4 h duration. This extremely high
sensitivity of graphene amine was attributed to the extensive aminiza-
tion ofGO to formgrapheneamine,where ethylenediamenebondingon
GO partially acts as gating process for the graphene sheets.
By considering the performance of FET based graphene biosensors
and their exceptional properties, it can be concluded that graphene
based sensors may have few advantages over CNTs and other
materials. For example, graphene based devices are easier to fabricate
compared to CNTs and transferable to different substrate due to their
2D structure. Graphene is free from any catalytic metallic impurities
when prepared under exfoliation process. It also has the capability to
detect both negative and positive charged biospecies due to its bipolar
nature. Graphene based FET devices are expected to show low levels
of thermal and electrical noise due to its high conductivity and crystal
structure as well being able to reduce the noise level by fabricating
suspended devices. The properties of the graphene device can be
tuned by controlling the number of layers and maximum sensitivity
can be achieved by making it either metallic or semiconducting. High
mechanical properties of graphene make it a suitable material for the
fabrication of future flexible FET based biosensor device.
8. Optical biosensors
In optical biosensors, optical properties such as absorbance,
reflectance or fluorescent emissions and their change in intensity,
decay time, anisotropy, quenching efficiency or luminescence energy
transfer are measured in the ultraviolet (UV), visible or near infrared
(NIR) ranges upon interaction of biomolecules with the target analyte.
Optical sensors offer advantages of low cross-sensitivity, long life and
lower contamination sensitivity. The latter is particularly helpful in
the fabrication of high-performance biocompatible biosensors. One
way of detecting biomolecules optically using carbon nanomaterials
(CNTs and graphene) is by attaching a fluorophore, which can exhibit
different photophysical properties because of its interaction with
carbon. When a fluorophore binds to CNTs or graphene and is then
excited by an external radiation, the emission from the fluorophore is
quenched, resulting in a phenomena known as fluorescence reso-
nance energy transfer (FRET). FRET is a distance-dependent interac-
tion between the electronic excited states of two molecules in which
an excitation is transferred from a donor molecule to an acceptor
molecule without emission of a photon.
In recent years, optical biosensors based on CNTs have been
developed with the aim of achieving high biocompatibility for in vivo
operation inside the human body. Notably, the NIR emission from
SWCNTs produces no harmful effects when absorbed in biological
tissues. Also, CNTs can be easily functionalized and used in biological
applications without affecting the viability of cells.
Strano and co-workers used NIR emission from SWCNTs to detect
specific biomolecules by functionalization with electron withdrawing
groups orbywrapping the SWNTswith double-strandedDNA (ds-DNA)
[64,65]. Following this principle, Heller et al. [66] detected chemother-
apeutic alkylating agents and reactive oxygen species such as H2O2 and
hydroxyl radicals. Doping with dye-ligand conjugates such as biotiny-
lated anthracene (BTA) and biotinylated phenylazoaniline (BTPAA), the
fluorescence of SWNTs was quenched while the original fluorescence
level of a target protein such as avidinwas recovered [67]. Cho et al. [68]
developed a reversible, highly sensitive pH detector based on the
photophysical property of a fluorophore (pyrene) and CNTs linked
through different ends of a polymer containing sulfadimethoxine group
(PSDM).
Even though graphene lacks some of the more useful bandgap-
induced optical properties compared to CNTs, its two-dimensional
nature, Raman, IR activity and sensitivity to NIR make it favorable for
use in optical biosensors [69]. By modifying graphene with various
noble metals and adjusting the number of layers, the optical
properties of graphene can be tuned [70,71]. Recent work has
shown that graphene can be made luminescent with emissions near
white or blue region [70,71]. Graphene is known to be a good charge
acceptor material because of its peculiar electronic structure, and
theoretical calculations confirm the possible energy transfer from
dyes to graphene for strongly enhanced quenching [72]. Chang et al.
[73] developed a graphene FRET aptasensor for thrombin detection
based on aptamer assembly on graphene. In this approach,
monitoring of fluorescence quenching of dye (fluoresceinamidite,
FAM) labeled aptamers by graphene and subsequent fluorescence
recovery induced by thrombin produced a measurable response. The
strong binding between the aptamer and graphene caused efficient
energy transfer between the dyes and graphene. The fluorescent
intensity of the graphene aptasensor increased at higher concentra-
tions of thrombin, and the observed phenomena was due to the
formation of a quadruplex-thrombin complex. Lu et al. [74]
demonstrated the use of watersoluble GO for the selective detection
of DNA and protein by binding GO with dye-labeled ssDNA. Upon
binding the dye-labeled ssDNA with GO, the fluorescence of the dye
quenched. In the presence of a target molecule, the binding between
the dye-labeled DNA and the target molecule disturbed the
interaction between DNA and GO (Fig. 7A). Such interactions
released the dye-labeled DNA from the GO restored dye fluorescence.
Fig. 7B shows the fluorescent emission spectra of the fluorescein-
based dye-labeled aptamer-GO complex in the presence of different
concentrations of human thrombin, in which the fluorescence
intensity increased approximately fivefold upon addition of
100 nM human thrombin. When tested with human serum albumin
(HSA), bovine serum albumin (BSA), human IgG and bovine
thrombin (each at concentration of 100 nM), the fluorescein-based
dye-labeled aptamer-GO exhibited a much lower fluorescent
response (Fig. 7C). Hence, fluorescein-based dye-labeled aptamer-
GO could be used as a sensitive and selective platform for target
protein detection, with little interference from other proteins.
9. Other sensing ideas
A number of other approaches have recently emerged based on the
fundamental electrochemical and optical techniques discussed above.
For example, Wang et al. [75] proposed a strategy of doping graphene
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with nitrogen tomodify its electronic properties and enhance electron
transfer as well as its electrocatalytic properties. Chemical doping is
an effective method to modify materials intrinsically, tailor electronic
properties, manipulate surface chemistry, and produce local changes
to the elemental composition of host materials. Nitrogen doping is
often preferred because of nitrogen's similar size to carbon atoms and
because it can enhance the electrical and structural properties of
CNTs. Nitrogen doping can be realized by immobilizing the graphene
in chitosan solution on a glassy carbon electrode. This modified
electrode is placed in a plasma chamber at atmospheric pressure in
nitrogen under a plasma power of 100 W with a treatment time
between 20 and 100 min (depending on the amount of nitrogen
doping desired). This electrode was then tested for the detection of
peroxide and found to have a linear range from 0.1 to 1.1 mM and a
detection limit of 0.01 mM. Only 4% of its signal was lost after 3 days of
storage, and it also showed good selectivity and sensitivity when
tested as an enzymic glucose sensor against the presence of ascorbic
acid and uric acid.
Xu et al. [2] developed a sensing device that encapsules hemoglobin
(Hb) alongside graphene in a chitosan solution that is then evaporated
on the modified electrode surface. The GO was manufactured using
Hummer'smethod andwas dispersed in the chitosan solution, to which
was then added hemoglobin. The authors propose that the chitosan
allows the Hb to maintain a suitable conformation and activity while
dispersing the graphene for enhanced electron transfer and possibly
acting as a biocompatible surface for the reaction to occur. The electrode
showed a linear range from 6.5 to 230 μM and a detection limit of
5.1×10−7 M. This electrode also retained 80.1% of its initial response
after 2 weeks of storage.
The detection of extracellular oxygen is useful for gaining real time
full understanding of the role of oxygen in pathology and physiology.
Wu et al. [37] proposed a modified electrode, made of Laczase-
diamonium saltgraphene hybrid to detect extracellular oxygen. They
suggested that the cathodic peaks of cyclic voltammograms be
performed before and after the metabolic processes since these change
the oxygen concentrations. The manufacturing of this modified
electrode is based on stirring and centrifuging of diammonium salt
and graphene and later repeating the procedure with the graphene
composite and laccase. Finally, the homogenous suspension was
evaporated on the pretreated electrode surface.
To solve the problem of aggregation of graphene sheets, Sun et al.
[76] produced multifunctional biocompatible nano GO with various
sizes in a scalable manner. These nanographene sheets exhibit
photoluminescence from the visible to the IR range. They also used
theπ-stacking for physisorptionof anti-drug cells in selective necrosis of
cancer cells in vitro.
10. Conclusions
Given the many promising early results from graphene-based
biosensors, we conclude that their future is very bright. Not only is
graphene superior to carbonnanotubes inmost types of electrochemical
sensing, but it alsomay prove to be a less expensive optionmaking it an
attractive alternative for large-scale manufacturing. In particular,
controlled methods of graphene synthesis, particularly via in-line as
opposed to batch processes, with sufficient process control of layer
number and footprint area still remain to be developed. From a
fundamental perspective, some of graphene's intrinsic characteristics as
well as biosensing capabilities merit much further study. The effects of
oxygen moieties on the electrochemical characteristics of the substrate
still require clarification, as existing results are somewhat inconsistent.
Another area that deserves expanded attention is the biocompatibility
of graphene in different sensing applications; even though initial studies
have yielded positive reports of graphene's ability to support cell
proliferation more biological systems and related ambient conditions
need to be addressed.
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